The objective of this study was to evaluate the feasibility of combined modular processes to selectively remove Sb from mine-impacted waters in an Arctic environment in order to fulfil local environmental criteria for discharged waters. Novel ion exchange, selective extraction and ultrafiltration, electrocoagulation, and dissolved air flotation technologies were investigated, individually or in combination, from the laboratory-to pilot-demonstration scale. Laboratory-scale testing using Fe 2 (SO 4 ) 3 precipitation, ion exchange resin, selective ion extraction and ultrafiltration, and electrocoagulation with or without subsequent dissolved air flotation indicated that any of the methods are potentially applicable to Sb removal from mine water. The observed differences between Sb and As removal efficiency by ion exchange resin illustrated the need for Sb-specific removal and recovery technologies. Techno-economic analyses showed that treatment of mine water using electrocoagulationdissolved air flotation yields the lowest comparative life-cycle cost of examined technologies. Results demonstrated increased Sb attenuation efficiency using either electrocoagulation-dissolved air flotation or selective extraction and ultrafiltration, even when treating only 50% of the mine-impacted water, compared with conventional Fe 2 (SO 4 ) 3 precipitation from mine water. Additional investigation is necessary to characterize the long-term stability of the mineral phases in Sb-containing solid residues and to inform selection of Sb recovery methods and utilisation or final disposal options for the residual materials.
Introduction
Antimony is a common trace element contaminant of mineimpacted water, as it is a component of more than 100 different natural minerals (Anderson 2012) . The element Sb typically occurs with S, Cu, Pb, As, and Ag. Wastes containing Sb and Sb compounds are designated by the Basel Convention (United Nations Environment Programme 1999) as hazardous. The Council of the European Union Drinking Water Directive 98/83/EC (1998) further establishes a maximum admissible concentration of 5 µg/L Sb in drinking water. Surface waters receiving mining and industrial effluent discharges frequently exhibit Sb concentrations substantially greater than 5 µg/L Sb. Although the 1976 Council of the European Communities Directive 76/464/EEC identified Sb as a substance with potential to have deleterious effects on the aquatic environment, permissible concentrations for Sb have not been determined (Council of the European Communities 1976). Despite its widespread use in commercial and consumer products, the present understanding of Sb geochemistry in the aquatic environment and its ecotoxicological characteristics remain incomplete (Obiakor et al. 2017) .
Estimated global mine production of Sb was 130,000 t in 2016, down from 142,000 t in 2015 (USGS 2017) . Primary Sb production is currently limited to only a few countries, of which China was the leading producer, generating 77% 1 3 of the global total (100,000 and 110,000 t, respectively) in (USGS 2017 . The unequal distribution of the world's Sb resources, low recycling inputs, and a declining trend in the recovery of antimonial lead by the battery industry (Filella et al. 2002) are indicative of a potential supply risk. These factors, concomitant with its low substitutability index, highlight the status of Sb as a critical strategic resource at risk of a supply shortage in Europe (European Commission 2017).
Co-occurrence in mining and industrial emissions, along with similarities between the s 2 p 3 outer orbital configuration of Sb and As, have resulted in the two metalloids frequently being considered analogues of one another with respect to their environmental behaviour. However, differences in Sb and As ionic radii and charge density yield differences in oxygen coordination and speciation as a function of redox potential and pH (Wilson et al. 2010) . Antimony, like As, is known to occur in two main oxidation states in natural waters: Sb(V) is the dominant species in oxygenated systems, but multiple studies have documented Sb(III) in marine water, fresh surface water, groundwater, and rainwater (Filella et al. 2002) . Similarly, Sb(V) has been observed in anoxic waters (Filella et al. 2002) . The mechanism(s) enabling persistence of thermodynamically unstable Sb species may be related to the formation kinetics of secondary Sb minerals. Majzlan et al. (2016) report relatively rapid formation of soluble Sb minerals, followed by kinetically slow formation of the stable Sb mineral tripuhyrite (FeSbO 4 ), on a time scale of years to decades. The solubility of initially formed Sb minerals and the slow formation rate of tripuhyrite has clear implications for Sb recovery from water.
Antimony Treatment and Recovery Technologies
Current treatment technologies for Sb removal from water include chemical precipitation, adsorption, ion exchange, membrane separation, and electrochemical techniques, either as single-unit operations or in combination with one another. Coagulation, typically using Fe or Al salts, has been used for decades to remove Sb and other oxyanions from contaminated waters through a combination of adsorption and precipitation reactions. Antimony is more effectively removed from solution using Fe salts than with Al salts, and FeCl 3 has been shown to attenuate aqueous As and Sb species in the order As(V) > Sb(III) > As(III) > Sb(V) (Guo et al. 2009; Kang et al. 2003) . Removal of both Sb(III) and Sb(V) was limited at pH < 4; however, whilst Sb(III) coagulation by FeCl 3 was highly efficient between pH 4 and 10, Sb(V) exhibited a narrow optimum pH range for removal from pH 4.5-5.5 (Guo et al. 2009 ). In addition, Sb(V) attenuation by FeCl 3 coagulation is substantially reduced in the presence of competing ions such as phosphate (PO 4 3− ), bicarbonate (HCO 3 − ), sulphate (SO 4 2− ), and humic acid, whereas Sb(III) removal by FeCl 3 coagulation is not significantly affected by competing ions (Guo et al. 2009; Wu et al. 2010) .
The question arose whether similarities between Sb and As speciation and fate in solution could be exploited to effectively attenuate Sb-polluted mine-impacted waters. Ion exchange resins are widely used to treat As-contaminated waters and several commercially-available ion exchangers can be used to remove Sb from aqueous solution, although efficient Sb removal via ion exchange can be problematic due to differences in Sb speciation (McKevitt and Dreisinger 2009; Riveros et al. 2008) . The removal of Sb and As oxyanions by conventional strong-base ion exchangers may be significantly hampered by the presence of other anions, such as sulphate, chloride, nitrate, and others, which compete for available binding sites on the resin (Sylvester et al. 2007; Ungureanu et al. 2015) . The effectiveness of iron oxide impregnated resins for As(III) and As(V) removal from various sources of contaminated water sources, containing other anions at concentrations many orders of magnitude greater than As, is well documented (Koseoglu et al. 2011; Sarkar et al. 2007; Sylvester et al. 2007) . These and other studies have demonstrated that iron oxide impregnated resins can be effectively regenerated and reused in sequential adsorption cycles with minimal loss in capacity. Limited information is available regarding the removal of Sb from water using iron oxide impregnated resins. Miao et al. (2014) showed a decrease in solution concentration of Sb(V) from 30 to 5 µg/L with hydrated ferric oxide supported by polymeric resin beads; however, there remains a dearth of information concerning the removal of Sb from water in the presence of As using iron oxide impregnated resins.
Studies of Sb removal from solution by membrane separation are somewhat limited but indicate differences in removal efficiency among Sb species. Reverse osmosis (RO), a high-pressure membrane separation process increasingly used in wastewater treatment, has shown preferential removal of Sb(V) compared with Sb(III) across the pH range of 3-10 with little solution pH effect (Kang et al. 2000) . Hollow-fibre membranes with ligands specific for Sb adsorption have also shown potential for Sb recovery across a wide pH range. A chelating hollow-fibre membrane containing an iminodiethanol (IDE) group as the chelator effectively removed Sb from pH 4 aqueous solution prepared using an Sb(III) oxide, with an equilibrium adsorption capacity of ca. 15 mg Sb/g membrane (Nishiyama et al. 2003) . Antimony was subsequently quantitatively eluted from the IDE fibre membrane. Antimony has similarly been removed from alkaline (pH > 11) solution prepared from Sb(III) oxide using an N-methylglucamine (NMG)-containing porous hollow fibre membrane (Saito et al. 2004 ). The NMG-fibre membrane was also able to adsorb Sb(V), with a maximum recovery of 130 mg Sb/g membrane at pH 3 (Kawakita et al.
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2006). A hybrid process, which used membrane separation in combination with coagulation and flocculation treatment techniques, i.e. coagulation-flocculation-ultrafiltration, demonstrated nearly complete removal of Sb(III) from natural surface waters containing 30-150 µg/L Sb(III) (Du et al. 2014) .
A great deal of research has been devoted to low-cost/ low-input technologies for treatment of mining and industrial waters. Wetlands and similar systems that combine physical, chemical, and biological processes to remove contaminants have long been recognized as a cost-effective means of attenuating diffuse water pollution, particularly in remote areas. These treatment systems are generally purpose-built and designed to address specific water quality concerns for a known or estimated volume of water. Some natural wetlands located near mining facilities have been employed for water treatment, such as natural peatlands used to purify mineimpacted waters. A recent study showed that although effective for Sb, As, and Ni removal, mine-impacted water treatment using natural peatlands is unsustainable due to metal/ metalloid accumulation within peat soils to levels exceeding guideline limits for contaminated soils (Palmer et al. 2015) . Water purification systems that employ natural processes are also constrained by cold temperatures and short growing seasons in arctic and sub-arctic environments.
Electrocoagulation is a promising technology for the attenuation of metals in water as it is largely temperatureindependent and the operating costs and energy consumption of the treatment process are generally low (Kuokkanen et al. 2013) . Electrocoagulation employs the same concept as conventional coagulation techniques but with the coagulant generated in situ via electrolytic oxidation of anode materials. Electrocoagulation has demonstrated high rates of removal for many different contaminants from a range of different waters. Optimal operating conditions vary depending on contaminant characteristics. Although electrocoagulation generally performs optimally at near-neutral pH (Kuokkanen et al. 2013) , electrode materials, current density, and treatment time can be altered as necessary to maximize contaminant removal. For example, one study of Sb removal from mine-impacted water using electrocoagulation showed 97-98% Sb attenuation from solution at pH 2 using a system with Al electrodes operated for 60 min at 166.7 A/ m 2 (Zhu et al. 2011) . In contrast, hybrid Fe-Al electrodes operated at low current density of ca. 14 A/m 2 for 40 min removed > 99% of Sb from pH 5-7 contaminated surface waters via adsorption onto Fe/Al (oxy)hydroxide minerals (Song et al. 2014 ). Optimized operating conditions, which facilitated 99% Sb removal from solution with an initial Sb concentration ca. 500 µg Sb/L using the Fe/Al hybrid electrode system included a solution pH of 5.2, current density 25.8 A/m 2 , and treatment time ≈ 90 min (Song et al. 2015) .
Flotation, which has been used for many years in mineral ore processing for selective solid/solid separation, can be employed to separate Sb-containing solid particles from solution. Dissolved air flotation (DAF), or microflotation, is a well-known technique for the separation of solid particles from liquid using air dispersed into the liquid phase as micro-sized (< 100 µm) bubbles. These microbubbles attach to solid particles and lift them to the surface to form a sludge layer. The sludge can be scraped from the surface and thus separated from clarified water. A key consideration in DAF is the avoidance of high shear rates to protect fragile aggregates during flotation. The addition of flocculants to the water prior to DAF can improve floc formation and solid-liquid separation. Dosing of chemicals is typically adjusted in proportion to the incoming feed flow.
Study Objectives
The goal of the present study was to assess the feasibility of using combined modular processes to selectively remove Sb from mine-impacted waters in an Arctic environment. The target application of the optimized Sb removal process was the treatment of neutral to alkaline (pH ca. 7.5-8.5) water from a Fenno-Scandic minesite containing ca. 200-500 µg/L Sb. Simple Fe coagulation using Fe 2 (SO 4 ) 3 flocculant PIX-105 (Kemira Oyj), and gravimetric settling is presently used to treat mine-impacted waters at the site. Challenges specific to the site include an arctic climate and remote working conditions. An alternative treatment process capable of handling up to 400 m 3 /h water was sought that could consistently and economically achieve Sb concentrations < 300 µg/L in the discharged water, as required by applicable permits. During the present study, up to 300 m 3 of water containing 0.20-0.47 mg/L Sb was discharged hourly from the case study site, which had a total annual discharge allowance of 700 kg Sb. Thus, the Sb concentration for continuous discharge targeted in the present study was ≤ 0.26 mg/L Sb to meet both load-based and concentration-based environmental targets.
Materials and Methods
All mine-impacted waters examined herein were previously subject to simple Fe coagulation using Fe 2 (SO 4 ) 3 flocculant PIX-105 (Kemira Oyj) and gravimetric settling, as it was not possible to interrupt minesite operations to test technologies at a pilot scale. The characteristics of mine-impacted waters from the Arctic minesite shown in Table 1 
Antimony and Arsenic Removal from Solution Via Ion Exchange Resin
Synthetic mine-impacted water was prepared by dissolving KSb(OH) 6 , Na 2 HAsO 4 ·7H 2 O, MnSO 4 ·xH 2 O, MgSO 4 , Na 2 SO 4 , (NH 4 ) 2 SO 4 , K 2 HPO 4 , NaCl, and NaNO 3 in high purity deionized water (18 MΩ resistivity). All chemicals and reagents were of analytical grade and used without further purification. Batch adsorption tests were conducted to determine Sb(V) and As(V) equilibrium loading onto Lewatit® FO36 (Lanxess) iron oxide impregnated resin as a function of solution equilibrium concentration. Synthetic Sb-and As-bearing water was contacted with the resin at solution-to-resin ratios (v/v) ranging from 10 to 10,000 under ambient conditions. An equilibrium time of 24 h was allowed for complete diffusion of the Sb and As oxy-anions through the resin beads and subsequent adsorption onto the surfaces of the impregnated iron oxides. On completion of the tests, the loaded resin samples were separated from the barren solutions using a suitably sized screen and thoroughly washed with deionized water. Aqueous samples were preserved in a 2% HNO 3 matrix, and the total Sb and As concentrations in solution were analysed by inductively coupled plasma-optical emission spectrometry (ICP-OES) or ICP-mass spectrometry (ICP-MS) within 24 h. The limit of detection by ICP-MS was 0.01 mg/L (10 ppb) for Sb and As, respectively. Adsorption of Sb(V) and As(V) onto iron oxide impregnated resin was examined in a flow-through system using synthetic mine-impacted water containing ≈ 0.1 mg/L Sb and 0.33 mg/L As (Table 1) . Two identical glass columns, with internal diameter 1 cm and 30 cm length, were packed with 11 mL of wet-settled resin using deionized water. The water was passed through the columns in a down-flow mode at volumetric flow rates of 31 BV/h and 10 BV/h (ca. 341 and 110 mL/h, respectively) using peristaltic pumps (Watson Marlow 101U/R). Column effluent samples were regularly collected and analysed for Sb and As content via ICP-MS. The columns were operated continuously for 4-6 weeks. Breakthrough was defined as the point at which effluent concentration of Sb or As, respectively, reached 0.05 mg/L. Saturation was defined as the point at which effluent Sb and As concentrations, respectively, were equal to influent concentrations. The height of the mass transfer zone (MTZ) was calculated by:
where BV1 is throughput volume at breakthrough, BV2 is throughput volume at 80% breakthrough, and h is the total height of the resin bed.
Selective Sb Extraction from Mine-Impacted Waters
The selective extraction of Sb from Fenno-Scandic mineimpacted quarry water was examined at laboratory scale using SELMEXT™ selective metal extraction-ultrafiltration technology. Subsamples of ca. pH 8.0 mine-impacted waters containing 0.12-0.23 mg/L Sb (Table 1) were treated with SELMEXT™ chemical PJ01 (Chromafora AB), then immediately filtered using an ultrafiltration membrane to separate the Sb-PJ01 complex from the aqueous phase. Remaining Sb in permeate was quantified by ICP-MS. Antimony removal using selective extraction technology was further optimized via in-situ testing at the same minesite operating under Arctic climate conditions. The SELMEXT™ onsite installation included a single insulated building housing the pilot-scale 0.9 m 2 ultrafiltration membrane purification unit. Onsite operation was initiated in February 2013 and continued through November 2015. The influent mine-impacted water contained 0.22 mg Sb/L. The temperature of the mineimpacted waters entering the selective extraction system was maintained at 5-6 °C using a heat exchanger. Metal attenuation was evaluated by ICP-MS analysis of treated effluent. The retentate (sludge) was air-dried to a constant mass and digested using aqua regia (1:3 mixture of ultrapure HNO 3 and HCl). The elemental composition of the digestate was determined by ICP-MS.
(1) 
Electrocoagulation-Dissolved Air Flotation
A laboratory-scale 1.0 L (85 × 85 × 140 mm) acrylic plastic electrocoagulation-dissolved air flotation (E-DAF) unit was used to examine total suspended solids (TSS) attenuation using waters containing 320-720 mg/L TSS (iron oxyhydroxide sludge of unknown mineralogical character, denoted herein as "FeOH TSS"). Superfloc® A110 anionic polyacrylamide flocculant (Kemira Oyj) was diluted to 0.2% prior to dosing of 1 L sample volumes at 0, 0.5, 2.0, and 5.0 mg/L. Polymer addition was followed by 30 s of rapid mixing, then gentle mixing for 5 min. After flocculation, samples were gently poured into the E-DAF unit to avoid disruption of formed flocs. The E-DAF unit was operated in batch mode at 7.5-15 A current. The electrochemical treatment time was 60 s, after which the sample was gently floated for 5 min. The TSS in the treated water was measured by filtration to 1.5 µm.
Removal of FeOH TSS from mine-impacted water was further investigated using a pilot-scale unit (Flootech Oy FlooDaf B13), which had an effective surface area of 1.5 m 2 , an integrated flocculation chamber, a complete dispersion water system, and a control panel. Influent water was distributed evenly across the DAF pilot unit basin width prior to the addition of dispersion water. The dispersion water was prepared by saturating clarified water with air in the unit's integrated pressurized dispersion vessel. Release of excess air pressure resulted in formation of 20-100 µm diameter air bubbles in the forepart of the basin. Approximately 15-25% of the dispersion water was recirculated. Sludge formed on the surface was moved with sludge rollers to a sludge compartment. The water level in the flotation basin was managed to optimize surface sludge dryness by the control system, consisting of level measurement and a control valve/ pump at the outlet pipe. Initial water TSS concentration was 500-1460 mg/L. The first two test runs were conducted without any chemical addition whilst the two following test runs included polymer dosing. Superfloc ® A110 solution (0.2%) was added to water to achieve final concentrations of 4 and 10 mg Superfloc ® A110/L, respectively, in the third and fourth test runs. The DAF pilot unit was operated in continuous flow mode with an influent flow rate 2-4 m 3 /h. The dispersion water influent rate was 1.56 m 3 /h at 0.5 Mpa pressure. TSS was quantified by filtration to 1.5 µm.
In Situ Electrocoagulation-Dissolved Air Flotation
A modular EWT system (cPlant EWT-40, Outotec Oy) coupled with a DAF microflotation treatment unit (FlooDaf, Flootech) was installed to demonstrate in situ metal removal from Fenno-Scandic mine-impacted water under Arctic climate conditions using electrocoagulation-dissolved air flotation. Influent water composition varied during the in situ testing within the following ranges: 0.22-0.23 mg/L Sb, 0.005-0.049 mg/L As, 0.10-0.12 mg/L Ni, 0.9-1.0 mg/L Mn, and 0.01-0.048 mg/L Fe. The EWT system was comprised of two 40′ HC sea containers including the EWT module, 72 kW DC power supply, feed pump, discharge pump, instrumentation, piping, and lifting equipment. Onsite operation of the EWT plant was initiated on 15 September 2016 and continued for 5 days through 19 September 2016. External and sea container internal air temperatures were 2-12 °C and 8-16 °C, respectively, during the testing. The temperature of mine-impacted waters ranged from 8 to 11 °C. The influent flow rate used in the piloting was 5-15 m 3 /h. The operating current density was 10.6-21.2 A/ m 2 and electrochemical treatment time 60-210 s, equivalent to 0.14-0.76 kWh/m 3 energy consumption. Effluent samples were filtered to 0.45 µm and preserved with ultrapure HNO 3 (0.5 mL HNO 3 per 100 mL EWT effluent). Metal attenuation was evaluated by ICP-MS analysis of system effluents.
The elemental composition of solid residues generated via electrocoagulation was determined by X-ray fluorescence (XRF). Semi-quantitative XRF analysis was performed using a Panalytical Axios mAX 3 kW-X-ray fluorescence spectrometer with the semi-quantitative Omnian-programme. The quantification limit of the method was approximately 0.01%. The leachability of elements within solid EWT residues was investigated using the two-stage CEN batch leaching test (EN 12457-3). The solid residue sample was agitated with demineralized water for 6 h at a liquid:solid ratio of 2, and then the eluate and solid were separated by filtration. The solid residue was subsequently agitated for a further 18 h with demineralized water at a liquid:solid ratio of 8, after which the eluate and solid were again separated by filtration. The leaching test eluates were analysed for As, Ba, Cd, Cr, Cu, Mo, Ni, Pb, Sb, Se, and Zn by ICP-MS. Chloride, F − , and SO 4 2− in the eluates were determined using ion chromatography (IC). The concentration of dissolved organic carbon (DOC) in the eluates was determined by infrared detector using the Finnish Standard Association (SFS) standard method EN 1484:1997.
Between 5 and 15 m 3 /h EWT effluent was discharged to a receiving surface water body and 5 m 3 /h of EWT-40 effluent was pumped to the DAF pilot unit for further separation of EWT-charged microflocs. The DAF inlet water TSS concentration was 120-250 mg/L. Initial testing was carried out without flocculant addition. Further in situ tests used the anionic polymer DrewFloc ® 260 (Ashland) at a rate of ≈ 5 mg/L. The DAF pilot unit was operated at a continuous 5.0 m
Results

Antimony and Arsenic Removal from Solution with Ion Exchange
The composition of synthetic mine-impacted water used in batch and column ion exchange experiments is shown in Table 1 and compared with mine-impacted water from the Arctic minesite. The Sb and As were expected to be present in synthetic mine-impacted waters as Sb(OH) 6 − and HAsO 4 2− , respectively.
Antimony and As oxyanions were effectively removed from solution by the ion exchange resin (Fig. 1) . Equilibrium adsorption data for Sb were fit using the Freundlich isotherm model (Eq. 2), whilst experimental equilibrium data for As adsorption fit using the Langmuir isotherm model (Eq. 3) (Helfferich 1962; Xi et al. 2011): where K d is the distribution coefficient, q is the quantity of adsorbate per unit mass adsorbent, C is the equilibrium concentration of adsorptive in solution, n is a correction factor, k is a constant related to binding strength, and b is the maximum quantity of absorptive that can be adsorbed assuming monolayer coverage.
The steep slope of the As equilibrium adsorption curve at low As solution concentrations illustrated the high affinity and selectivity of the ion exchange resin for As (Fig. 1) . From the Langmuir model, a maximum As loading capacity of approximately 5500 mg/L resin (≈ 15 mg/g) was estimated. Conversely, the resin exhibited unfavourable uptake of Sb under the experimental conditions used, which may indicate poor adsorption selectivity (Fig. 1) . Antimony uptake by the resin was most efficient at greater equilibrium solution concentration. For example, the Sb loading capacity for the resin was approximately 562 mg/L (≈ 1.5 mg/g) at an equilibrium Sb solution concentration of 1.3 mg/L. Simultaneous removal of Sb and As by the ion exchange resin from the aqueous solution containing 0.10 mg/L Sb and 0.33 mg/L As was further examined via continuous adsorption in a fixed-bed column. The ion exchange resin capacity for Sb and As removal was determined as the quantity of As and Sb, respectively, adsorbed onto the resin when the column effluent concentrations of both contaminants reached 0.05 mg/L (Supplemental Table S-1). Although both Sb and As were removed from influent solution to concentrations < 0.05 mg/L (Fig. 2) , the resin showed greater affinity for As than Sb. At a flow rate of 341 mL/h (31 BV/h), nearly 11.8 L (1073 BV) of water passed through the column prior to Sb breakthrough, whereas 61.5 L (5590 BV) of water was treated before As broke through (Fig. 2) . The total loading capacities of the ion exchange resin at saturation points, calculated by integrating the area below the breakthrough curves, were approximately 165 mg/L for Sb (≈ 0.48 mg/g) and 3047 mg/L (≈ 8.3 mg/g) for As, respectively. These values correspond reasonably well with the loading capacities estimated from equilibrium adsorption isotherms (Fig. 1) . The Langmuir isotherm model predicted an equilibrium As loading capacity of 2987 mg/L where initial solution concentration was 0.33 mg/L. The Freundlich model, which estimated nil equilibrium saturation with 0.1 mg/L Sb in the initial solution, predicted a lesser Sb loading capacity; however, this is likely attributable to the poor fit of the Freundlich model at low initial Sb concentration.
Selective Extraction of Sb
Laboratory screening trials indicated that the addition of Sb-selective PJ01 reagent to pH ca. 8.0 mine-impacted water from an Arctic minesite (Table 1) followed by membrane filtration reduced aqueous Sb concentration by as much as 96% (Fig. 3) , from 123 to 4.3 µg/L. The Sb-selective reagent had minimal impact on other ions in mine-impacted water, including As, selectively promoting coagulation of Sb. The addition of selective Sb extraction reagent PJ01 to mineimpacted water did not alter the solution pH.
The effect of filtration membrane pore size on Sb removal from mine-impacted water containing 0.23 mg/L Sb and 0.09 mg/L As, respectively, was examined at the laboratory scale in a tangential flow filtration unit, in combination with PJ01 reagent addition to promote particulate coagulation. Permeate flux was 200 L/h using a larger pore size membrane and decreased to 60 L/h when using a membrane with a smaller pore size in an experimental coagulation-filtration unit with a membrane area of 0.9 m 2 . Results showed that the larger pore size and greater permeate flux capacity was suitable for removal of both Sb and As from mine-impacted water (Supplemental Fig. S-1) .
In situ pilot scale trials at the Arctic minesite further demonstrated effective simultaneous removal of Sb and As from mine-impacted water via selective coagulation and filtration (Fig. 4) . At the influent pH ca. 8.0, and the mine-impacted water containing 0.23 mg/L Sb, the mass of Sb in the effluent (permeate) was reduced by > 65%. The Sb removed via (Fig. 4) . Arsenic was similarly concentrated within the retentate. More than 99% of the As in the influent mine-impacted water was retained; the As concentration in the permeate was reduced to 0.005 mg/L, resulting in a retentate concentration ca. 0.9 mg/L As (Fig. 4) .
Analysis of dried retentate (sludge) showed that the retained solid material was dominated by Fe and Ca phases, which accounted for 28% and 3% of the dry mass, respectively (Supplemental Table S -2). Dried selective extractionultrafiltration retentate also contained minor quantities of Mg (0.60 wt%) and Na (0.44 wt%), and trace K (0.07 wt%). The Sb content of the dried retentate was 0.05 wt%. Calculations based on pilot-scale testing indicated that the selective extraction coagulation-filtration system would generate 440 kg/day or 161 t/year of dry sludge assuming annual treatment of 300 m 3 mine-impacted water.
Conventional Precipitation Versus Electrocoagulation of Sb
Comparison between Sb and As removal from mineimpacted water using conventional precipitation by Fe 2 (SO 4 ) 3 with a 1 h reaction time, and using electrocoagulation with 40-90 s reaction time, showed that electrochemical water treatment achieved superior Sb and As removal and required significantly less treatment time (Fig. 5) . Rates of Fe 2 (SO 4 ) 3 addition were selected to correspond with iron coagulant dosages used in conventional water treatment, and were equivalent to Fe:Sb ratios of 20:1 to 60:1. Iron precipitation reduced the Sb concentration of the mine-impacted water by up to 22% at an Fe 2 (SO 4 ) 3 addition rate equivalent to an Fe:Sb ratio of 60:1. The same rate of Fe 2 (SO 4 ) 3 addition removed ca. 97% of As from solution. Electrochemical water treatment removed 65-83% of the Sb and ≥ 95% of the As from the pH ca. 8.0 mine-impacted water (Fig. 5) . The theoretical quantity of Fe generated by electrochemical water treatment was defined by operating parameters, and was approximately an order of magnitude greater than the quantity of Fe added as Fe 2 (SO 4 ) 3 in conventional iron precipitation.
Electrocoagulation-Dissolved Air Microflotation
Laboratory-scale E-DAF experiments were undertaken to define operating parameters for removal of Sb-containing flocs from the mine-impacted water. E-DAF treatment of waters containing FeOH TSS without polymer addition yielded 43 ppm residual TSS. Addition of Superfloc ® A110 coagulant to FeOH TSS-containing mine-impacted water at 0.5, 2.0, and 5.0 mg/L Superfloc® A110 dosages resulted in a TSS below detection limits in the treated waters (Supplemental Table S-3) .
Further investigation of FeOH solids removal from mineimpacted water using a pilot-scale DAF unit with an effective surface area of 1.5 m 2 demonstrated 69-98% removal of solids (Table 2) . Mine-impacted water containing FeOH TSS was introduced to the DAF pilot unit following electrocoagulation. In these trials with a continuous flow of water, the addition of coagulant did not substantially increase FeOH TSS removal efficiency.
In Situ Electrocoagulation-Dissolved Air Microflotation at Arctic Minesite
In situ testing of the pilot-scale EWT unit demonstrated effective removal of Sb and As from mine-impacted water using low levels of energy input (Fig. 6) . The Sb concentration decreased by nearly 50% following electrochemical treatment at 0.14 kWh/m 3 , whilst As concentrations was concomitantly reduced by more than 75%. At the time of pilot-scale electrocoagulation testing, the Sb concentration of the mine-impacted water was 0.23 mg/L prior to treatment, below the desired maximum concentration of 0.26 mg/L for discharged waters. Analysis of dried electrocoagulation residues (sludge) showed that the residual solid material was strongly dominated by Fe phases, which accounted for 64% of the dry mass (Supplemental Table  S -2). Dried electrocoagulation residues contained minor Si (1.8 wt%), Ca (1.0 wt%) phases, with lesser quantities of S (0.53 wt%) and Mg (0.48 wt%), and trace Al (0.12 wt%). The Sb content of the dried electrocoagulation residue was 0.06 wt.%, similar to the 0.05 wt% Sb of dried selective extraction-ultrafiltration retentate. The electrocoagulation residue content of most trace elements was less than the 0.01% limit of detection by XRF on a dry weight basis.
Characteristics of deionised water leachates of air-dried electrocoagulation residues (Table 3) The decreased solids removal efficiency in situ compared with pilot-scale trials is likely related to the size of flocs formed in the electrocoagulation system and low on-site operating temperatures. The flocs formed in during electrocoagulation were of small size and sensitive to shear forces, thus the flocs and sludge layer were easily broken down. In addition, the low temperature caused challenges in polymer dissolution and dosing. 
Discussion
Antimony Removal from Mine-Impacted Water
Individual laboratory-scale investigations of Sb removal from mine-impacted water using Fe 2 (SO 4 ) 3 precipitation, ion exchange resin, selective ion extraction and ultrafiltration, and electrocoagulation with or without subsequent DAF show that any of these methods are potentially applicable to Sb removal from mine-impacted water (Table 4) . Comparison between Sb and As removal by the ion exchange resin clearly demonstrated differences in adsorption selectivity between Sb and As. The ion exchange resin demonstrated high affinity and selectivity for As, and greater breakthrough (q e ) and saturation (q s ) capacities for As compared with Sb. The observed differences between Sb and As removal efficiency by ion exchange resin illustrate the need for Sbspecific remediation technologies. Despite removal of Sb from aqueous solution to < 0.05 mg/L, the relatively low adsorption capacity of the ion exchange resin for Sb (q s = 0.42-0.48 g Sb/kg resin) may limit the applicability of this technology to situations requiring near-complete removal of Sb coupled with the potential for recovery of the adsorbed Sb. The selective ion extraction and ultrafiltration technique selectively promoted Sb coagulation in laboratory trials, removing 96% of the Sb from solution. Antimony-containing flocs were resistant to breakdown and were effectively removed from solution using a relatively large pore size ultrafiltration membrane, thereby enabling treatment of up to 200 L/h. In situ pilot-scale selective extraction trials demonstrated ca. 65% reduction of Sb concentration in mineimpacted water. The level of Sb removal achieved in situ by selective extraction coagulation and ultrafiltration was well below the target Sb concentration to meet water quality objectives for discharged waters. Thus, depending on the targeted environmental criteria, it may be possible to treat only a portion of the mine-impacted water using the selective extraction technique.
At the laboratory scale, electrocoagulation for 40-60 s removed 65-83% of the Sb from the mine-impacted water (Fig. 5) . Like the selective extraction technology, electrocoagulation achieved Sb removal from mine-impacted waters to a concentration well below the water quality target concentration. Similarly, treatment of the entire water volume using electrocoagulation may not be necessary for discharged water to meet environmental criteria. The electrocoagulation technology was effectively up-scaled in in situ mine-impacted water treatment at the Arctic minesite. Onsite testing showed ca. 50-75% removal of Sb at cold temperatures and at continuous flow rates up to 20 m 3 /h (Fig. 6) . Individual electrocoagulation units can be connected in series, thereby eliminating any potential further up-scaling effects on electrocoagulation technology performance.
In combination with electrocoagulation, Sb-containing flocs can be floated and removed to yield water suitable for discharge with both low Sb concentration and low TSS, respectively. Laboratory trials using E-DAF to remove TSS from waters containing FeOH sludge showed > 85% removal of TSS without coagulant addition. All rates of coagulant addition during E-DAF resulted in TSS concentrations less than limits of detection (Supplemental Table S-3). Removal of TSS by E-DAF was also effective in controlled environment pilot-scale trials, with 93-98% reduction of TSS observed when the system was operated under continuous 2-4 m 3 /h flow conditions without coagulant addition. Polymer addition to promote particulate flocculation did not improve TSS removal efficiency in these trials (Table 2) .
In situ E-DAF at the Arctic minesite treated up to 5 m 3 water/h. The cold climate presented challenges for polymer use to promote coagulation in the DAF unit. Despite difficulties dissolving the anionic polymer in low-temperature mineimpacted waters (8-11 °C), up to 93% removal of TSS was achieved under continuous flow conditions. The mean TSS concentration of effluents from the E-DAF hybrid system was decreased to only 25 mg/L. The purpose of the experiments described herein was to investigate the potential applicability and scalability of selected technologies for Sb removal and recovery from mine-impacted water. In situ pilot scale trials further examined the performance of selected technologies under challenging (Arctic) environmental conditions. Results obtained for Sb removal from mine-impacted water using selective ion extraction and ultrafiltration, and electrocoagulation with or without subsequent dissolved air flotation indicate that these methods show promise for Sb removal from mine-impacted water. Additional study of each technology at process scale is however required to comprehensively assess long-term performance.
Potential for Sb Recovery
With the exception of the anion exchange technology, all water treatment processes examined herein produced a Sb precipitate or sludge retentate requiring further processing, on-site storage, or disposal. Additional testing is necessary to design a process to recover metals of value and/or characterize the long-term stability of solid mineral phases in Sb precipitates/sludge and inform selection of a final disposal option. The leachate characterisation undertaken in the present study for electrocoagulation residues constitutes basic characterisation under European landfill waste testing procedures. Additional compliance testing and on-site verification testing of Sb-containing solid materials generated by each of the technologies investigated herein would be necessary for acceptance as non-hazardous waste at European landfill facilities. Numerous studies document the successful recovery of metals from ion-exchange resins and subsequent resin regeneration and reuse (e.g. McKevitt and Dreisinger 2009; Nikoloski and Ang 2014; Petruzzelli et al. 1995; Riveros et al. 2008; Sarkar et al. 2007; Selvi et al. 2004) . In addition to Sb removal from aqueous solution to extremely low residual concentration, an advantage of ion exchange resin use for mine water purification is the relative ease of recovery of adsorbed ions. The relative selectivity of ion exchange resin for Sb compared with As indicates that additional purification steps would be necessary to recover a pure Sb phase; further research is needed to identify solutions for optimum Sb recovery from the ion exchange resin and for resin regeneration. In addition, detailed information regarding the temperature dependence of Sb adsorption to the ion exchange resin is required to determine the minimum hydraulic retention time and scaling of ion exchange resin-containing units for Sb removal and recovery from the mine-impacted water. Recovery of Sb from the mine-impacted water using other technologies-selective extraction and ultrafiltration, electrocoagulation, and/or DAF-is possible but may require considerably more post-processing compared with resin stripping. For example, the Sb removed by selective extraction-ultrafiltration was concentrated ca. 10 × in retentate, which when dried contained 0.05 wt% Sb. Calculations indicated that for the Arctic mine case study described herein, the selective extraction-ultrafiltration system would generate 161 t/y of dry sludge, assuming annual treatment of 300 m 3 water. Thus, sludge valorisation could yield ca. 80 kg of Sb/y. Entrained Sb could potentially be recovered by oxide volatilization wherein volatile Sb 2 O 3 would be recovered following roasting at 1000 °C (Dupont et al. 2016) . Oxide volatilization is a pyrometallurgical process used to recover Sb from low-grade sulfidic ores (5-25% Sb), typically generating commercial grade Sb 2 O 3 of > 99% purity (Anderson 2012) . Combustion of sulphide components of low-grade ores provides heat, thereby reducing fuel requirements for oxide volatilization. However, the energy cost for Sb recovery from mine-impacted water retentate sludge by oxide volatilization may outweigh the value of the recovered Sb, depending on the relative Sb and sulphide contents of the sludge.
The purity of recovered Sb is an additional concern as both PbO and As 2 O 3 trace element contaminants are considered critical impurities of Sb 2 O 3 (Binz and Friedrich 2015) . In the present study, technologies for removal of Sb via selective extraction-ultrafiltration or electrocoagulation each yielded a solid residue with minimal (< 0.01 wt%) Pb (Supplemental Table S -2) . The As content of dry selective extraction-ultrafiltration retentate was approximately 0.03 wt% whilst the retentate contained 0.05 wt% Sb. In contrast, dry solid residues of electrocoagulation (EWT) contained significantly greater Sb (0.06 wt.%) compared with As (< 0.01 wt%). The lesser As:Sb ratio of electrocoagulation residues compared with the As and Sb content of solid residues from selective extraction-ultrafiltration may indicate a greater potential for Sb recovery from electrocoagulation residues. Hydrometallurgical techniques for Sb recovery involve leaching, either with an alkaline sulphide or acidic chloride solution, followed by electrowinning. Alkaline sulphide leaching is favoured due to the minimal associated corrosion issues and has been successfully used to recover Sb from pyrometallurgical residues (Anderson 2001) . Alkaline sulphide leaching of mineral processing residues by Anderson (2001) solubilized approximately equal proportions of Sb and As, necessitating additional processing to purify Sb. Additional study is necessary to determine whether the low As:Sb ratio of EWT residues facilitates simplified Sb recovery from the solid phase. Several multi-step leaching processes have been proposed for selective extraction of Sb from pyrometallurgical wastes and incinerator residues (see Dupont et al. 2016 and references therein). Some of these hydrometallurgical processes have effectively isolated Sb from a range of different wastes at the laboratory scale (Dupont et al. 2016 ); however, a single productionscale method for effective, cost-efficient Sb extraction from complex mixtures has yet to be widely accepted.
Life-Cycle Costs for Sb Removal from the Mine Water
The life-cycle costs of Sb separation from mine water using technologies evaluated in-situ at the Arctic minesite in the present study was assessed with respect to the Fe 2 (SO 4 ) 3 precipitation reference process (scenario #1, Supplemental Fig.  S -2) combined with phase separation in a clarifier. In this analysis, scenario #2 (Supplemental Fig. S-3 ) used E-DAF whilst scenario #3 (Supplemental Fig. S-4 ) was based on selective Sb extraction and ultrafiltration.
The techno-economic assessment was based on technical data from experiments presented herein and supporting information obtained directly from the suppliers of these technologies. Key operating expenditures, including chemical and utility consumption, are summarised in Supplemental Table S-4. These values were used to estimate the variable operating costs of Sb removal for all three water treatment scenarios. Additional fixed operating expenditures considered were labour costs (one operator with annual personnel cost of 60,000 €) and maintenance costs (4% of total capital investments annually) (Supplemental Table S -5) .
In this analysis, the discharged volume of Sb-containing mine water was 400 m 3 /h. Because the observed efficiency of Sb removal via E-DAF (scenario #2) and selective extraction-ultrafiltration (scenario #3), respectively, were high, the present analysis assumed that 50% of the volume required treatment to reach the target Sb concentration of < 300 µg/ Lin effluents. Annual operational time of the water treatment plant was 8000 h. Capital costs were calculated based on the main process units (reactors, separators and main pumps). The other capital costs (installation, piping, automation, civic, etc.) are provided here as a fraction of the total main process unit costs. The applied fraction for reference scenario #1 was 210%, and 170% for scenarios #2 and #3, respectively, as installation costs are less for mobile container type units (Supplemental Table S -6) . The life-cycle costs of water treatment facilities were calculated based on the respective break-even cost of treating 1 m 3 of mine-impacted water. Here, the discounted cash flow analysis (DCF) earnings before interest and taxes (EBIT) basis was used. The analysis assumed a discount rate of 10% and plant lifetime of 10 years, with a 1-year installation process prior to commissioning when capital costs occur. The working capital was considered equivalent to 1 month of variable costs. Linear depreciation was applied at a rate of 10% of original investment per annum. The value of the treatment plant was considered zero after 10 years.
The cost to treat 1 m 3 of mine-impacted water was 1.00 € for the Fe 2 (SO 4 ) 3 precipitation and clarification reference scenario. In contrast, the calculated treatment cost was 1.10 € for E-DAF (scenario #2) and 2.20 € for selective extraction and ultrafiltration (scenario #3). Both new mine water treatment concepts compare favourably with conventional Fe 2 (SO 4 ) 3 precipitation as only 50% of the water requires treatment in scenarios #2 and #3 to meet the desired mean Sb concentration and annual Sb load in discharged water. The different cost fractions for scenarios #1-#3 are illustrated in Fig. 7 .
Consideration of life-cycle costs across 10 years of operation yields a net present value of cumulative cost of 17 million EUR for treatment of Sb-containing mine water by Fe 2 (SO 4 ) 3 precipitation (scenario #1), and 20 million EUR for treatment using selective extraction and ultrafiltration (scenario #3) (Fig. 8) . Analyses showed that treatment of mine water using E-DAF yields the lowest comparative life-cycle cost of 10 million EUR. In both scenarios #2 and #3, it is possible to exceed the Sb attenuation efficiency of conventional Fe 2 (SO 4 ) 3 precipitation treatment, even where only 50% of the mine-impacted water is treated using the identified technologies.
The most economically feasible treatment process for Sbcontaining mine waters was E-DAF based on life-cycle cost analysis. The superior Sb removal efficiency of this process compared with conventional Fe 2 (SO 4 ) 3 precipitation facilitates treatment of a relatively lesser proportion of mineimpacted water to meet the targeted mean concentration of Sb in discharged water and to comply with applicable legislation. Both new water treatment technologies analysed provide higher water purification efficiency than conventional Fe 2 (SO 4 ) 3 precipitation (scenario #1). However, these technologies are not entirely mature and additional uncertainties are involved. This conceptual level life-cycle cost analysis requires reassessment for particular cases and water quality requirements.
The lesser capital expenditures in scenario #2 compared to the reference scenario is in part due to the modular nature of the technology, e.g. on-site installation in shipping containers. In addition, the variable operating expenditures are less; however, the continuous replacement of proprietary electrodes and related costs may influence the economic feasibility of E-DAF technologies. Analyses showed that the mine water treatment technology based on selective metal extraction and ultrafiltration (scenario #3) yields life-cycle costs greater than the reference scenario. This is largely due to chemical and membrane costs. As in scenario #2, onsite installation of the selective metal extraction and ultrafiltration technology-based process in a shipping container reduced relative capital expenditure relative to the reference scenario. Likewise, continuous use of proprietary chemicals and related costs may additionally influence the longterm economic feasibility of selective metal extraction and ultrafiltration.
Conclusions
Critical evaluation of potential new technologies for Sb removal and recovery, coupled with life-cycle cost analysis based on 10 years of operation at an Arctic mine site discharging 400 m 3 water per annum and targeting a maximum Sb concentration of 300 µg/L, indicated that E-DAF may be the most cost-effective solution. The applicability of the ion exchange resin examined herein is limited by its relatively low Sb adsorption capacity. However, use of resin-based ion exchange may be preferable to other technologies investigated here in scenarios requiring near-complete removal of Sb and the potential for rapid recovery of adsorbed Sb. Further investigation of Sb adsorption to ion exchange resins under varying conditions, including up-scaling and optimization of operating parameters via pilot-scale demonstration, is needed to accurately assess the potential for full-scale use of ion exchange resin-based technologies for Sb removal and recovery from mine-impacted water.
Both E-DAF and selective ion extraction-ultrafiltration techniques exhibited superior Sb removal from mineimpacted water relative to conventional Fe 2 (SO 4 ) 3 precipitation in in situ demonstrations. The increased Sb removal efficiency enables treatment of a proportion of mine-impacted water < 100%. Thus, despite relatively greater costs to treat a single unit of mine-impacted water using E-DAF or selective extraction-ultrafiltration compared with Fe 2 (SO 4 ) 3 precipitation, both novel technologies remain potentially costeffective. Techno-economic analysis showed that E-DAF implementation involved a greater capital expenditure than extraction-ultrafiltration, but that estimated life-cycle costs associated with on-going operating expenses resulted in significantly lower life-cycle costs for E-DAF than selective extraction-ultrafiltration. Additional research is needed to quantify Sb recovery from exchange resin, Sb-containing precipitate, or sludge retentate. Further work is also required to examine the costs associated with processing of Sb-containing phases and the final treatment, recycling, and/or disposal of residual materials. 
